Abstract-Microwave signal generation by using the photonic beating from a phase-shift fiber Bragg grating (PS-FBG)-based dual-wavelength laser is proposed and experimentally demonstrated. The dual-wavelength laser is formed by a linear cavity, in which a PS-FBG is used as a dual-wavelength selective component. Transversal loading on the PS-FBG enhances the birefringence of the optical fiber and consequently makes the transmission peak of the PS-FBG splitting into two sharp transmission peaks of orthogonal polarizations. The wavelength spacing between the two transmission peaks increases with the transversal loading on the PS-FBG, thus making the polarization beating frequency increase. This property is exploited in a transversal loading sensor.
very complicated to be fabricated or needs very careful design about the fabrication parameters. Furthermore, in these reported methods, the frequency of the beating-generated microwave signals can be hardly tuned due to the inherent characteristics of the FBG structures.
In this letter, photonic generation of a microwave signal by using the polarization beating from a phase-shift fiber Bragg grating (PS-FBG)-based dual-wavelength laser is proposed and experimentally demonstrated. Two sharp transmission peaks of orthogonal polarizations in the stopband of the PS-FBG can be introduced by applying the transversal loading on the PS-FBG, which can be utilized as the wavelength-selective element in the linear cavity of the dual-wavelength laser. Stable dual-wavelength lasing has been achieved in the experiment, and by the polarization beating between the two wavelengths, a microwave signal at certain frequency has been generated. The wavelength spacing between the two transmission peaks of the PS-FBG can be tuned by changing the transversal loading applied on the PS-FBG, and thus the frequency of the beating-generated microwave signal becomes tunable. On the other hand, this approach can also be applied to monitoring the transversal loading variation. The proposed method is simple and easy to implement, and has great potential in the application of both photonic generation of a microwave signal and fiber-optics transversal loading sensor.
II. OPERATION PINCIPLE AND EXPERIEMENT SETUP
When a part of fiber is under the pressure disturbance, due to the photoelastic effect, the effective index will be changed [7] , [8] . The effective index change for -axis and -axis polarization can be expressed, respectively, as (1) and (2) where is the Young's modulus of the optical fiber, is the Poisson's coefficient, and are the components of the photoelastic tensor, and and are the stress components for the directions , , and , respectively. For a typical germanosilicate fiber, when a transversal loading is applied on the fiber, the effective index changes for the -axis and -axis have different values.
The Bragg wavelength of an FBG is dependent on the mode effective index of the fiber core as , where is the period of the FBG. When a phase shift of is induced in the FBG, there will be an ultranarrow transmission peak appearing in the stopband, and when the transversal loading is applied on the PS-FBG, due to the difference of the refractive index change of the fiber core, the transmission peak will split into two peaks. The wavelength spacing between the two peaks can change when the transversal loading varies. One example is shown in Fig. 1 (the solid line is for 1.5-kg transversal load and the dashed line is for 1.7 kg). We cannot see fully resolved sharp transmission peaks just because of the limited resolution of the optical spectrum analyzer [(OSA) 0.01 nm].
The experimental setup of the PS-FBG-based dual-wavelength laser and photonic generation of the microwave signal is shown in Fig. 2 . The cavity of the dual-wavelength laser is formed by FBG-1 (PS-FBG) with an optical circulator, a 1-m-long Er-Yb fiber, and FBG-2 [a uniform FBG (UFBG)]. FBG-1 is placed on the loading configuration shown in the inset (dashed block) in Fig. 2 , and FBG-2 is mounted on a fiber stretcher. The Bragg wavelength of FBG-2 can be tuned by applying strain (i.e., by adjusting the fiber stretcher) to match with the two transmission peaks of the FBG-1. The laser is pumped by a 980-nm laser diode coupled from a 980/1550-nm wavelength-division-multiplexing coupler spliced to the one end of the cavity to minimize the cavity length, and the laser output which passes through a polarization controller and a polarizer is launched into a 10 : 90 coupler (C). 
III. EXPERIMENTAL RESULTS
In the experiment, a PS-FBG with the reflection of 30 dB and transmission peak located around 1550.55 nm was used as FBG-1. A UFBG with the Bragg wavelength located around 1550.4 nm and the reflection of around 0.02 nm was employed as the FBG-2. The current of the 980-nm pump diode was set at 205.5 mA to achieve the lasing output. At first, no transversal loading was applied on the PS-FBG, and when we stretched the FBG-2 to match its Bragg wavelength with the unsplit transmission peak of the PS-FBG, a single wavelength lasing was achieved at 1550.55 nm.
When the transversal loading was applied on the PS-FBG, dual-wavelength lasing was achieved since the transmission peak of PS-FBG split into two peaks induced by different index changes along the -axis and -axis of the fiber core. The polarization hole-burning in the cavity greatly enhance the dual-wavelength operation of the laser [9] . We then applied different transversal loads on the PS-FBG to change the wavelength spacing between the two polarization peaks. Fig. 3(a) and (b) shows the dual-wavelength laser outputs when 5.0-and 6.0-kg loads were applied on the PS-FBG in the experiment, respectively.
The stability measurement of the dual-wavelength laser was carried out for the 5.0-kg transversal load on the PS-FBG under room temperature. The laser output spectrum was measured every 5 min for a total period of 50 min. The laser stability measurement result is shown in Fig. 4 , from which one can see that the short-term stability of the dual-wavelength laser is good under room temperature in our experiment.
The beating-generated microwave signal can be observed by the ESA after optical beating on the PD. The microwave signals for 5.5-and 6.5-kg transversal loads are shown in Fig. 5(a) and (b) , respectively, from which one can see that the frequency of the beating microwave signal also increases when we increase the load.
The measured relationship between the value of transversal load and the frequency of the beating-generated microwave signal is depicted in Fig. 6 , which shows a very good tuning linearity. From this tuning characteristic, we can expect that by tracking the frequency of the microwave signal, this scheme also has the potential to be applied as a transversal loading sensor. 
IV. DISCUSSION AND CONCLUSION
One may observe from Fig. 5 that there are several beating modes at the baseband, which means that the dual-wavelength laser does not strictly operate at the SLM operation state. This is because the longitudinal-mode frequency spacing of the laser cavity is slightly larger than the bandwidths of the transmission peaks of the PS-FBG. This problem can be solved by choosing another PS-FBG with higher reflection and narrower transmission bandwidth. Another issue is that the orientation of the applied transversal loading on the PS-FBG is an important factor to the beat frequency of the microwave signal. When the same value of loading is applied, the frequency of the beating-generated microwave signal may be different for the loading applied to the different orientation of the applied transversal loading, which means that this scheme may offer more tuning versatility. Furthermore, the beating frequency of the proposed scheme only relies on the wavelength spacing of two narrow transmission peaks of the PS-FBG with applied transversal load, and therefore, it is insensitive to the temperature.
In summary, a microwave signal generation utilizing optical beating of a PS-FBG-based dual-wavelength laser has been proposed. The PS-FBG behaves as a wavelength-selective element in the laser cavity, whose transmission peak in the stopband can split into two sharp transmission peaks when transversal loading is applied on the PS-FBG. Stable dual-wavelength laser operation at room temperature has been achieved in the experiment. The wavelength spacing will change with the applied loading, and thus the beating frequency of the microwave signal is tunable. For the present method, the fabrication of the FBGs is easier and the scheme is simple to implement. Furthermore, the scheme can also be applied as a transversal loading sensor. Thus, the demonstrated PS-FBG-based dual-wavelength laser may have great potential for both next-generation communication systems and transversal loading sensing applications.
